PTPµ, an Ig-superfamily receptor protein tyrosine phosphatase (RPTP), promotes cell-cell adhesion and interacts with the cadherin/catenin complex. The signaling pathway downstream of PTPµ is unknown; therefore, we used a yeast two-hybrid screen to identify additional PTPµ interacting proteins. The membrane-proximal catalytic domain of PTPµ was used as bait.
PTPµ interacts with RACK1 and that this protein may be a component of the PTPµ signaling pathway.
A recently identified group of cytosolic proteins called RACKs (receptors for activated protein C kinase) have been shown to bind to PKC only when it is in the activated state (15) . It has been suggested that the binding of activated PKC to RACK(s) is necessary for the translocation of PKC to the plasma membrane, a process thought to be required in order for PKC to perform its physiological function (15) . A specific RACK, RACK1, has been cloned and is a homolog of the β subunit of heterotrimeric G proteins as determined by the existence of WD repeats (16). WD repeats are 40 amino acid motifs proposed to mediate protein-protein interactions (17) . RACK1 is composed of seven WD repeats that are thought to form propellerlike structures (18) .
More recent data suggests that RACK1 is a scaffolding protein that recruits a number of signaling molecules into a complex. Theoretically, the seven propellers of the RACK1 structure (18) could bind seven different proteins. RACK1 has been shown to bind PKC, PLCγ, the src suggest that RACK1 may form distinct signaling complexes in response to unique cellular stimuli.
In this study, we utilized the yeast two-hybrid genetic screen to isolate PTPµ interacting proteins and identified RACK1 as a protein that binds directly to the membrane-proximal catalytic domain in the cytoplasmic segment of PTPµ. We characterized this interaction using a recombinant baculovirus expression system and showed that RACK1 and PTPµ interact only when co-expressed. We also demonstrated that the presence of constituitively active src disrupts the interaction between PTPµ and RACK1. In MvLu cells, which endogenously express both
PTPµ and RACK1, we demonstrated that PTPµ and RACK1 associate predominantly at higher cell densities. The association between RACK1 and PTPµ is not affected by activation of PKCs via phorbol esters. PTPµ is upregulated at high cell density in MvLu cells (25) and is primarily found at cell-cell contact sites (12) . We have found that RACK1 is recruited to the plasma membrane and points of cell-cell contact at high cell density. Antisense downregulation of PTPµ expression results in a cytoplasmic localization of RACK1 even in the presence of cell contacts.
protein from a HeLa cell (human) cDNA library and a construct containing the membraneproximal catalytic domain of human PTPµ (PTPµD1) as the bait. Amino acids 915-1178 (PTPµ-D1) were cloned in frame with the LexA coding sequence of pEG202 (HIS3) to generate a "bait" plasmid. The resulting construct (pEG202-D1) was sequenced for insertion and correct orientation. The pEG202-D1 plasmid and the betagalactosidase reporter plasmid (pSH18-34) were co-transformed into the yeast strain YPH499. The pSH18-34 (URA3) reporter plasmid contains a LexA-operator-lacZ fusion gene. The pEG202-D1 plasmid did not activate the betagalactosidase reporter plasmid on its own. A HeLa cell human cDNA library (26) in the pJG4-5 (TRP1) yeast expression vector was introduced into a yeast strain containing a chromosomal copy of the LEU2 gene (EGY48) where the activating sequences of the LEU2 gene are replaced with LexA operator sequences. The two strains (EGY48 and YPH499) were mated and the resulting colonies containing the three plasmids were processed according to published methods (26). Potential interactions were detected by growing the mated yeast strain on minimal medium containing 2% galactose and 1% raffinose and lacking the appropriate amino acids to ensure selective pressure of the auxotrophic markers (only colonies containing all the plasmids and expressing the leucine reporter gene will grow). We screened 2.4x10 7 colonies and found four strong interactors. We isolated the prey-containing plasmids and sequenced the DNA from these clones. Two independent positive "prey" clones (clones 1 and 2) were identified as fulllength RACK1 by DNA sequencing of the library plasmid (pJG4-5). The positive control used in A monoclonal antibody to the HA tag conjugated to HRP (Roche Molecular Biochemicals, Indianapolis, IN) was used to detect recombinant RACK1. The HA antibody was also purchased in a biotinylated form and strepavidin-HRP was used for visualization (Covance, Denver, PA).
In addition, a specific antibody to RACK1 was purchased from Transduction Labs (Lexington, KY Morgan (28). The RACK1-pJG4-5 vector was restriction digested so that the resulting 1800 bp fragment contained an HA tag (from pJG4-5) in frame with the full-length RACK1 clone. The 1800 bp fragment was cloned into the pAcHLT-C (BD Pharmingen, San Diego, CA) baculovirus expression vector. The construct was sequenced to confirm orientation and correct insertion of the 1800 bp fragment. This created a form of RACK1 that contained a poly-histidine tag, a PKA site, a thrombin cleavage site and an HA-tag, at the N-terminus followed by the RACK1 cDNA sequence (amino acids 1-317). Baculoviruses were generated using the BaculoGold ™ system (BD PharMingen). A replication-defective amphotrophic retrovirus expressing an antisense PTPµ construct and control retrovirus have been described previously (6) . MvLu cells were incubated in viruscontaining medium supplemented with serum (10% final) plus 5µg/ml polybrene for 4 days.
Expression in Insect Cells
Reduction in endogenous PTPµ expression was verified by immunoblotting lysates from infected cells with antibodies to PTPµ.
Immunoprecipitations and Electrophoresis:
For immunoprecipitation, antibodies to PTPµ or RACK1 were incubated with Protein A sepharose (Pharmacia Biotech, Piscataway, NJ) or Goat anti-mouse IgG (or IgM) that had been conjugated to sepharose (Zymed, South San Francisco, CA) for 2 hours at room temperature then washed 3 times with PBS (phosphate buffered saline:
9.5mM phosphate, 137mM NaCl, pH 7.5) before addition to cell lysates. Purified monoclonal antibodies were used at 0.6mg of IgG/ml beads, ascites fluid was used at 1mg of IgG/ml beads and polyclonal serum was used at 3mg of IgG/ml beads. Immunoprecipitates were prepared 
Yeast two-hybrid analysis
The yeast two-hybrid interaction trap assay (26) was used to identify proteins that were capable of binding directly to the membrane-proximal catalytic domain of PTPµ. Potential interactors were detected by growing the mated yeast strain on minimal medium containing 2% galactose and 1% raffinose and lacking the appropriate amino acids (only colonies containing all the plasmids and expressing the leucine reporter gene will grow). We screened 2.4x10 7 colonies.
PTPµ interactors were selected by three criteria. First, they were screened for viability on medium lacking leucine. Only interacting clones will be able to grow on medium without leucine. Second, they were screened for formation of blue colonies when grown on medium containing Xgal/galactose compared to Xgal/glucose containing medium. Galactose specifically induces expression of the "prey" protein whereas glucose does not. Third, they were discriminated for the level of transcriptional activation of the lacZ gene based on the blue color of the colonies when grown on medium containing Xgal. Figure 1 illustrates two independent clones (clones 1 and 2) that fulfilled these criteria. The two clones did not grow on glucose but did grow on galactose (Fig. 1 a) . These two clones also expressed high levels of β−galactosidase ( Fig. 1 b R&µ). Sequence analysis of these two independent positive clones demonstrated that they both encoded RACK1, a member of the heterotrimeric G β superfamily of proteins.
RACK1 and PTPµ interact in Sf9 cells
To antibodies and resolved by SDS-PAGE. Immunoblots of immunoprecipitates probed with an antibody to RACK1 are shown ( Fig. 2 a and b) . Immunoblots of PTPµ immunoprecipitates probed with an anti-PTPµ (SK15) antibody are shown (Fig. 2 c) . Equal amounts of RACK1 were available in the Triton soluble lysate used for immunoprecipitation based on the ability of RACK1 antibodies to immunoprecipitate RACK1 (Fig. 2 a, lanes 1, 3-4) . and PTPµ was unaffected by endogenous PKC stimulation with phorbol esters (Fig. 2 b, lane 4) .
These data indicate that RACK1 only bound to PTPµ when both proteins were co-expressed in insect cells and the interaction was not affected by phorbol esters.
Src disrupts the interaction between RACK1 and PTPµ
Since RACK1 is known to bind to src (20) , we tested whether addition of a constituitively active src to the yeast cells affected binding between RACK1 and PTPµ.
β−galactosidase staining of yeast expressing RACK1 and PTPµ was positive while RACK1/PTPµ/src containing yeast did not turn blue on medium containing Xgal (Fig. 1 b) .
Therefore, constituitively active src appears to disrupt the interaction between RACK1 and PTPµ in yeast.
We then analyzed whether constituitively active src could disrupt the interaction between RACK1 and PTPµ in the Sf9 cell system. We did single, double or triple infections with RACK1, PTPµ and constituitively active src. RACK1 from all the appropriate samples ( Fig. 3 a, lanes 1-4) . PTPµ immunoprecipitated PTPµ in all the appropriate samples (Fig. 3 c) . While RACK1 and PTPµ interact when co-infected ( Fig. 3 b, lane 2) , there was no interaction detected when src was added in the triple infection ( Fig. 3 b, lane 3-4) . PP2, the cell permeable src family kinase inhibitor, had no effect on the ability of src to disrupt the PTPµ/RACK1 interaction ( Fig.3 b, lane 4) . PP2 was able to inhibit src tyrosine kinase activity as evidenced by a decrease in anti-phosphotyrosine reactivity (Fig. 3 e). These results suggest that the ability of src to disrupt the PTPµ/RACK1 interaction was not dependent upon kinase activity or mediated by tyrosine phosphorylation of any of the proteins.
Therefore, constituitively active src was able to disrupt the interaction between RACK1 and PTPµ in yeast as well as in the Sf9 cell system. Together, these results suggest that PTPµ and src may form mutually exclusive complexes with RACK1. (100 kDa) of PTPµ were expressed (Fig. 4 a) as expected (12) . PTPµ expression in MvLu cells is regulated by cell density (25). In our studies, the expression of PTPµ also increased with cell density (data not shown). However, at 50% and 90% confluence, PTPµ expression appeared to be approximately the same (Fig. 4 a) . MvLu cell cultures were grown at these two densities to control the amount of cell contact. When MvLu cells are grown to 50% confluence there is little cell contact while at 90% confluence the majority of cells adhere to one another.
Endogenous RACK1 interacts with endogenous PTPµ
We used a retrovirus encoding antisense PTPµ (6) (Fig. 7) . The antisense infected cells were never able to grow to high cell density. However, cell-cell contact sites were still present as evidenced by localization of cadherins (Fig. 7 a and b) . When PTPµ expression was reduced, RACK1 no longer localized to the plasma membrane or points of cell-cell contact (Fig. 7 c and d) . These data suggest that the PTPµ protein plays a role in recruiting RACK1 to points of cell-cell contact in MvLu cells.
Discussion
In this study, we used the yeast two-hybrid screen to isolate PTPµ interacting proteins.
We identified an interaction between the membrane-proximal catalytic domain of PTPµ (PTPµD1) and RACK1 (receptors for activated protein C kinase). Since yeast do not have traditional tyrosine kinases, the interaction of PTPµD1 and RACK1 was likely to be mediated by protein-protein interactions and not dependent upon phosphotyrosine. We characterized the association between RACK1 and PTPµD1 using the recombinant baculovirus expression system, and have shown that the intracellular segment of PTPµ binds to RACK1 in insect cells. The RACK1/PTPµ interaction was disrupted by a constituitively active src PTK. These data suggest that RACK1/src and RACK1/PTPµ may form mutually exclusive signaling complexes. In addition, we showed an association between PTPµ and RACK1 using MvLu cells, which express both proteins endogenously. The interaction of PTPµ and RACK1 was not affected by phorbol ester stimulation of PKC, suggesting that when RACK1 is bound to PTPµ it is still likely to be able to bind PKC. PTPµ expression increases with increasing cell density in MvLu cells (25). At high cell density, we observed an increased association of RACK1 with PTPµ as well as increased translocation of RACK1 to the plasma membrane and points of cell-cell contact. In cells expressing antisense PTPµ, RACK1 remained cytoplasmic suggesting that PTPµ may play a role in recruiting RACK1 to cell contact sites. Together these data suggest that PTPµ and RACK1 form a signaling complex at high cell density.
RACK1 is a homolog of the β subunit of heterotrimeric G proteins and is composed of WD repeats (16). Both G β and RACK1 form seven propeller structures (seven independently folding loops) proposed to mediate protein-protein interactions (17) . RACK1 was originally identified as a protein that binds to activated protein kinase C (PKC) (16). It has been suggested that activated PKC binding to RACK1 is required for the translocation of the enzyme to the plasma membrane, its physiologically relevant site of action (15) . In addition, RACK1 seems to serve as a general scaffolding protein for a number of signaling enzymes including src (20) .
Receptor protein tyrosine phosphatases are involved in cell adhesion (1) . PTPµ has been shown to induce cell adhesion by homophilic binding (2, 3, 5) . In addition, it also appears to regulate cadherin-mediated cell adhesion by binding to the cadherin/catenin complex (6, 12, 13) .
The PTPµ/RACK1 interaction appears to occur predominantly in cells at high cell density.
These data indicate that the PTPµ/RACK1 interaction may be induced by cell-cell contact. Based Adherens junctions serve to anchor the actin cytoskeleton at regions of cell-cell contact.
Investigators have postulated that the cytoskeletal reorganization which occurs during the formation of adherens junctions is induced by PKC activation and that PKC, in turn, may regulate cadherin-dependent adhesion (30) . Clearly our data suggest an interesting relationship exists between PKC signal transduction mechanisms and the PTPµ cell-cell adhesion molecule.
It is likely that the interaction of PTPµ and RACK1 at high cell density recruits PKC or other RACK1 binding partners to sites of cell-cell contact to transduce adhesion-dependent signals.
Tyrosine phosphorylation by the src PTK negatively regulates cadherin-dependent adhesion (7, 31, 32) ; although the mechanism is unknown. Previously, we tested the ability of the src tyrosine kinase to regulate PTPµ/cadherin interactions. We used a series of WC5 cell lines, which express PTPµ endogenously, and ectopically expressed E-cadherin. We analyzed the effect of tyrosine phosphorylation on the composition of the PTPµ/cadherin complex and our data suggested that increased tyrosine phosphorylation of E-cadherin resulted in decreased association with PTPµ (13). Interestingly, RACK1 binds to the src PTK. In this study, we found that constituitively active src disrupts the binding between PTPµ and RACK1. Since src is known to negatively regulate cadherin-dependent adhesion, the ability of PTPµ and src to bind RACK1 may directly affect tyrosine phosphorylation of the cadherin complex via PTPµ or indirectly by regulating the presence of the src PTK in the complex. Together, these data suggest that PTPµ may be altering src signaling pathways via its interaction with RACK1.
Since RACK1 binds to the conserved PTP catalytic domain of PTPµ, a number of other
PTPs may also interact with RACK1. It is interesting to note that many PTPs are known to regulate the src cytoplasmic PTK (1). Importantly, RACK1 is known to bind to c-src and inhibit its tyrosine kinase activity (20) . Based upon the results from that study, c-src does not appear to phosphorylate native RACK1 (20) . Our data suggest that one of the links between PTPs and src PTK signaling may be the RACK1 protein. This manuscript demonstrates that PTPµ association with RACK1 is altered in the presence of src, suggesting that there may be mutually exclusive interactions of src and PTPµ with RACK1. One caveat of these studies is that they were done using a constituitively active src PTK. However, we believe that the PTP versus PTK . When the cells were plated at higher density, PTPµ was localized to points of cell-cell contact (panels c and d). RACK1 (panels e-h) was localized in the cytoplasm at low cell density (panels e and f). At high cell density, RACK1 was localized to points of cell-cell contact (panels g and h). Scale bar = 30µm. 
